Abstract: Reaction with n-butyl lithium (BuLi) is commonly used to study the kinetics of intercalation of lithium in electrode materials for batteries. We performed lithium isotope exchange experiments on TiS 2 single crystals as model system to determine the irreversible step in the intercalation process. Single crystals of TiS 2 were prepared by chemical vapor transport and intercalated by lithium with natural isotopic signature (7% 6 Li 93% 7
Introduction
Intercalation and de-intercalation of lithium are basic chemical reactions in lithium batteries. For tailoring of batteries an improved knowledge of the fundamental mechanisms of these reactions is required. Besides the numerous oxygen-based materials, layered chalcogenides were intensively studied as electrode materials for battery applications [1] [2] [3] [4] . In particular, titanium disulfide TiS 2 with a cadmium iodide type structure was believed to be a good candidate [5] [6] [7] [8] [9] . Several investigations have already been made on the intercalation process of Li in TiS 2 and on properties of the intercalation product Li x TiS 2 (0.07 ≤ x ≤ 1.03), including NMR spectrometric studies on Li self diffusion [10] [11] [12] [13] [14] [15] .
The focus of the present study is to identify the irreversible step in chemical lithium intercalation when using n-butyl lithium (BuLi) as the source of lithium. Additionally, we want to compare self diffusion of lithium in intercalated materials with chemical diffusion of lithium during intercalation. Self diffusion refers to migration of particles in a chemically homogeneous medium while chemical diffusion occurs in a medium with a chemical potential gradient, e.g. as present in intercalation experiments. As noted in our previous publications [16, 17] stress induced by widening of the sheet is an important feature for the kinetics of lithium intercalation in single crystals. To study self diffusion of lithium we performed lithium isotope exchange experiments with pre-intercalated TiS 2 single crystals which were contacted again to BuLi-solution but with different lithium isotope signature. The generated isotope profiles were analyzed by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS).
Experimental and analytics

Single crystal synthesis
TiS 2 was produced by iodine vapor transport [18] [19] [20] [21] [22] . A mixture of titanium and sulfur powders in the ratio 1 : 2.1 and a small amount of iodine (Ti, ABCR, 99.95%; S, Sigma Aldrich, 99.99%; I, Riedel de Haen, 99.8%) were heated for 24 h at 720 K in a silica glass ampoule. Afterwards, the ampoule was transferred into a temperature-gradient furnace, and a temperature difference from 1170 to 1070 K was adjusted along the 20 cm long ampoule. Within 1 month large TiS 2 crystals were formed via chemical vapor transport. The crystals were gold-colored slabs, mostly between 100 and 350 μm thick. One or two crystals of each synthesis charge were checked by powder X-ray diffraction (Stoe Stadi P). Crystals with diameters of > 2 mm with well-developed surfaces, i.e. free of visible steps or fissures, were selected for intercalation experiments.
Experiments
Intercalation and lithium isotope exchange was performed in three steps: (i) Intercalation of TiS 2 single crystals with n-butyl lithium having natural isotopic abundance of lithium (93% 7 Li, 7% 6 Li). (ii) Homogenization of lithium distribution within the crystal. (iii) Isotope exchange by contacting the pre-intercalated sample with n-butyllithium enriched in 6 Li (95% 6 Li, 5% 7 Li). Chemical intercalation by BuLi can cause severe degradation of TiS 2 single crystals [16, 17] , i.e. splitting along the sheets. To get lithium isotope profiles after the isotope exchange experiments, which can be interpreted in terms of self diffusion of lithium, it is required to minimize mechanical stress on the crystals, induced for instance by cutting with a diamond saw. Therefore, TiS 2 crystals were used as received after synthesis in the first intercalation step. After intercalation with 5 mL of 2.5 molar BuLi solution in n-hexane (Sigma Aldrich ® ) for 2 days, crystals were stored at 313 K in a dry argon atmosphere for 1-2 months to homogenize lithium distribution. To stabilize the crystal and to prevent further corrosion, the sample was sandwiched between two thin layers (5-30 μm) of epoxy (Araldit 2020 ® ). A straight cut with a laser beam was used to open one side of the crystal for the isotope exchange experiment without mechanical stress. Thus, one-dimensional diffusion conditions were established.
The lithium uptake after the pre-intercalation experiment was not measured. Using surface concentrations and diffusion coefficients of lithium for similar intercalation conditions (see Figure 13a in [16] and Figure 6 , red line in the present paper), we estimate x to be < 0.2 after homogenization of the pre-intercalated Li x TiS 2 crystals.
For the isotope exchange n-BuLi solutions were freshly prepared following the protocol of Gilman et al. (1948) [23] , except that n-hexane was used as solvent instead of ether. A solution of 26.5 mL butyl bromide (Sigma Aldrich ® ) and 14.5 mL n-hexane (Sigma-Aldrich ® ) was added drop wise within 0.5 h to the stirred lithium (95% 6 Li, 5% 7 Li, Eurisotope ® ) -n-hexane mixture (85.5 mL) in dry argon atmosphere. The temperature of the reaction system was maintained constant at about 273 K using an ice bath. After complete addition of C 4 H 9 Br, the temperature was slowly raised to 283 K, while the mixture was further stirred for 5 h in an ultrasonic bath. Some unreacted lithium floating on the solution was filtered out under argon atmosphere. To estimate the concentration of Bu 6 Li, 10 mL of the solution were retrieved and carefully decomposed with ethanol and water. BuLi reacts with ethanol to butane and lithium ethoxide, the latter reacts with water to LiOH and ethanol. After complete reaction, the solution was evaporated. The remaining white residue was solved in 100 mL of water. The obtained solution was titrated against a HCl solution with known titer. The prepared solutions had BuLi concentration between 0.8 and 1.0 mol⋅L − 1 . A lower BuLi concentration compared to the initial intercalation experiment was intended to depress incorporation of additional lithium during the isotope exchange experiment.
Lithium isotope exchange experiments were performed in 5 mL of the 6 Li-enriched solutions at room temperature for up to 10 days. Afterwards, crystals were cleaned with n-hexane and ethanol, and stored in liquid nitrogen until the LA-ICP-MS measurement. Before the measurement, all crystals were freshly cleaved along the crystallographic a/b-plane.
Analytics
Samples were analyzed using a modified vacuum tight stage (Instec HCS621V) that was cooled down to 248 K to minimize diffusion of lithium during the time of measurement [16] . For calibration a NIST 610 standard and a self-made standard described in [16] were placed side by side on the movable sample stage to change rapidly between sample and standard measurements. Laser ablation was performed using an in-house built system which is based on a 100 fs Ti-sapphire regenerative amplifier system (Solstice, Spectra Physics) operating at a fundamental wavelength of 775 nm. Subsequent harmonic generations produced a wavelength of 258 nm in the third harmonics and 194 nm in the fourth harmonics, which was applied for ablation [24] . An energy density of 1.5 J/cm 2 could be maintained, sufficient to ablate TiS 2 . The laser repetition rate was 10 Hz. A flow of dry argon/helium mixture carried the ablated sample to an ICP-MS (Thermo Fisher Scientific, Neptune).
Profiles were measured from the interior to the open edge of the crystal. The laser spot diameters ranged from 15 to 20 μm, determined microscopically using a certified micrometer scale. Scan speeds of 1-2 μm/s were used for profiling. Background corrected count rates (cps) of the mass of 6 Li and 7 Li were measured and calibrated against the standards to determine I 6Li ⋅(I 6Li + I 7Li ) − 1 count rate ratios on the sample. More details about measurement procedure are described elsewhere [25] .
Evaluation and calculation of diffusion coefficients
Using the edge position as the zero point of the coordinate system, profiles were evaluated assuming a constant (or negligible) initial concentration c Li,0 of lithium in the crystal, a constant surface concentration c Li,S of lithium in the crystal, and a concentration-independent diffusion coefficient D Li . For the given boundary conditions, the solution of Fick's 2nd law for one-dimensional diffusion is [26] [27] [28] :
where d is the distance from the surface, t is the run duration, and erf refers to the mathematical error function. As evidenced by the profiles shown below, no significant change in total lithium content occurred during the isotope exchange experiments and, hence, the count rate ratio I 6Li ⋅(I 6Li + I 7Li ) − 1 can be used as compositional variable. Thus, the simplification by fitting of the profiles to Eq. (1) does not introduce significant error in the determination of the diffusion coefficient. Since the profiles were relatively long compared to the laser spot diameter, a correction of the diffusion coefficients was not required, i.e. corrected diffusion coefficients using the procedure described in [16] were at most a few percent higher than the values directly obtained from fitting the profiles.
In the calculation of the error of diffusion coefficient we estimated uncertainty of temperature ∆T = 2 K, uncertainty of duration ∆t = 10 min., uncertainty of the position of the origin of the x-axis ∆d = 10 μm, and variation in effective beam diameter ∆ Ø = 5 μm. These values are based on reproducibility of experimental parameters and on microscopic observations of post-analytical samples. The resulting error of the measured diffusion coefficient is calculated by error propagation as 
where T is the temperature in K, E a is the activation energy for lithium diffusion in the TiS 2 crystal (59.6 kJ/mol was used as determined for intercalation of 1.6 molar BuLi [16] ), R is the universal gas constant, and ΔD fit is the fitting error of the diffusion coefficient. Experimental conditions and results are summarized in Table 1 .
Results
Degradation was a severe problem in the isotope exchange experiments, i.e. since crystals were often already pre-damaged during the initial lithium intercalation. Thus, only three out of eight performed experiments yield profiles which could be used for determination of self diffusion coefficients for lithium. Figure 1 shows photographs of one successful experiment. Cracks and holes are visible on the surface, i.e. in the central part of the sample, but these defects did not affect the diffusion profiles which extend only few hundred microns from the edges (Figures 2 and 3 ). As shown in Figure 2 , only minor uptake of lithium occurred during the isotope exchange experiments, i.e. the sum of measured counts of Li controls the exchange process, and the derived diffusion data represent self diffusion of lithium. In Figure 2 increased total lithium content is visible about 120 μm from the edge for this particular sample, and the data spread widely in the first 30 μm from the surface. These effects are probably an artifact of measurement and may be caused by a higher ablation rate in distorted regions of the sample. When plotting 6 Li/ ( the isotope exchange experiments or to different ablation efficiencies of both isotopes in this partially corroded region. This has no significant impact on the derived diffusion data. Detailed picture with ablation lines. Note that diffusion profiles extend only < 400 μm from the edge of the crystal, i.e. in a region less affected by damages. Cracks perpendicular to the ablation lines were newly formed during ablation, resulting from stress in the material after intercalation and isotope exchange experiments. On sample 6LiTiS7 only one profile could be measured due to severe degradation in parts of the crystal. The measured profile show some irregularities, but the measured data are still well represented by the error function fit (Figure 4) . Thus, we conclude that the isotope exchange reaction is controlled by self diffusion of lithium into a semi-infinite medium at conditions close to chemical equilibrium.
In both experiments, 6LiTiS4 and 6LiTiS7, the measured 6 Li abundance in the crystal interior was higher than the natural abundance. We have not independent measurement of the isotopic composition of the pre-intercalated samples and we cannot exclude that 6 Li was already increased in the BuLi product of the manufacturer, since Sigma Aldrich ® offers many enriched and depleted lithium isotope products. However, this discrepancy has only minor impact on the derived diffusion coefficients. The small deviation of the maximum 6 Li abundance measured on the sample to the isotopic composition of the solution is an artifact of measurement due to the beam size and the instability of the sample near the crystal edge.
Sample 6LiTiS5 shown in Figure 5 is an example of experiments severely affected by defects in the crystal, e.g. scratches or cracks. Such defects act as fast transport paths for lithium, connecting the involved crystal layers to the outer reservoir, i.e. the lithium-containing solution. However, when ignoring the oscillations in the profile and fitting only the inner part to Eq. 1, the derived diffusion coefficient is only slightly higher than data determined for the profiles shown in Figures 3 and 4 (see Table 1 ). Thus we infer that the measured profile in Figure 5 is a superimposition of contribution from layers with and without contact to extended defects.
Discussion
Comparison to the literature
A compilation of diffusion data for lithium in Li x TiS 5 is presented in Figure 6 . A detailed discussion of these data is given in [16] . NMR (nuclear magnetic resonance) spectroscopy has been mostly applied to determine jump rates (τ − 1 ) of Li in Li-intercalated titanium disulfide. Different NMR techniques were applied depending on Li dynamics in the crystals: motional narrowing (MN) of the Li line in static NMR measurements, spin lattice relaxation (T 1 ), spin lattice relaxation in the rotating frame (T 1ρ ), and spin alignment echo NMR (SAE) [10] [11] [12] [13] [14] [15] 29] . Comparison of our lithium self diffusion data and NMR data ( Figure 6 ) can be achieved via the Einstein-Smoluchowski relation:
where g is a geometrical factor (four for two dimensional systems), τ i − 1 is the average jump rate of ion i and α is the jump distance assumed to be given by the distance between octahedral sites within a layer (α = 3.408 Å) [5] . In detail, the jump mechanism is more complex and involves passing a transitional tetrahedral site during jump from one octahedral to an adjacent one [11] .
At room temperature and ambient pressure the NMR-based self diffusion data cover a relatively small range in the Arrhenius diagram. However, − 1 plotted against the distance to the crystal edge for sample 6LiTiS5. Oscillations are due to defects in the crystal opening fast migration paths for lithium to some of the crystal layers. differences in activation energy for lithium diffusion are noticeably, as indicated by different slopes in the plot. A limitation in evaluation of older data is that NMR techniques may have not been advanced enough to properly separate contributions of jumping of Li from other effects during measurement. Due to such uncertainty a correlation between lithium diffusivity and the degree of intercalation (x) cannot be established for the NMR data. The most comprehensive NMR data set was obtained for Li 0.7 TiS 2 by Wilkening et al. [11] , combining T 1 , T 1ρ and SAE measurements. Consistency of the data from 148 K to 510 K ( Figure 6 ) implies a single migration mechanism for Li over a large T-range. The derived activation energy of 40 kJ⋅mol − 1 is in good agreement with the theoretical estimate of 36 kJ⋅mol − 1 for the Li diffusion barriers determined by the same authors [11] .
Chemical diffusion of lithium was studied at ambient pressure by intercalation of lithium into TiS 2 single crystals. The apparent diffusivity of lithium was found to depend on the BuLi concentration in the solution used for intercalation [16] . This effect was attributed to corrosion of the crystals in particular at high BuLi concentrations. The blue line in Figure 6 based on a fit of lowest diffusivity data at each temperature was inferred to be representative for intracrystalline diffusion without contributions of crystal corrosion. The activation energy of 79.3 kJ/mol for chemical diffusion is much higher than the activation energy for self diffusion. The difference may be explained by the additional energy required for widening the crystal layers. One may expect that confining pressure strongly affect lithium intercalation since it counteracts the expansion of the crystal. However, no significant effect of pressure up to 500 MPa was found for lithium intercalation in TiS 2 and TiSe 2 [17] . Only for TiTe 2 a strong decrease of chemical diffusivity with pressure was observed for lithium intercalation.
Lithium self diffusion data determined by isotope exchange are consistent with the NMR based data as well as the chemical diffusivities determined by intercalation experiments (Figure 6 ). Scatter of the data reflects the experimental difficulties, i.e. avoiding the formation of scratches, fractures and corrosion features during pre-intercalation, homogenization and subsequent isotope exchange.
Mechanism of intercalation with BuLi
The profiles recorded on post-experimental samples give evidence that the isotopic signature of the solution is imprinted on the crystal, i.e. at the crystal surface the lithium isotopic composition was found to be close to that of the solution. It is worth noting that this is the case even at the end of the isotope exchange experiment. This implies that the lithium content of the solution was very large compared to the amount of lithium isotopes exchanged during experiment. The second important information is that the exchange of lithium isotopes can be achieved without net uptake of lithium from the solutions, i.e. the lithium concentration in the crystal did not increase noticeably during experiment. These observations imply that (i) chemisorption of BuLi molecules on the crystal edges is reversible and (ii) butyl radicals can jump from one Li atoms to an adjacent one at the crystal surface. The irreversible step during chemical lithium intercalation is the formation of octane when two butyl radicals come next to each other on the crystal surface or other kinds of reactions in which the butyl radical is consumed.
Based on these findings the model proposed by Levy et al. [5] for intercalation in layered material can be refined. The following steps have to be considered ( Figure 7 ): (1) Transport of n-butyl lithium in the liquid to the crystal (2) Chemisorption of BuLi on the crystal surface (3) Hopping of butyl radicals between lithium atoms; reversible reaction to BuLi (4) Combination of two butyl radicals forming octane at the crystal surface and charge transfer from lithium to the host lattice (5) Expansion of the host lattice, incorporation of lithium ions in the host material (6) Chemical diffusion into the crystal.
Lithium isotope exchange without uptake of lithium by the crystals can only take place when the first three steps in this mechanism are reversible and are faster than step (5) and (6) , means the transport of lithium into the crystal interior is the rate-controlling step. The rate of step (4) is intermediate between steps (1)-(3) and steps (4) and (5).
Step (4) requires that two butyl radicals came together and form octane, this reaction is irreversible. Alternatively, the butyl radical removes from the crystal surface and lets the lithium atom behind. In that case the radical is somehow deactivated in the solution by subsequent reactions. 
Conclusions
Lithium isotope exchange experiments on pre-intercalated and homogenized titanium disulfide single crystals demonstrate that the irreversible step in chemical intercalation using butyl lithium is the de-activation of butyl radicals. Sorption and desorption of butyl lithium on the crystal surface as well as hopping of butyl radicals on surface sites are fast processes compared to deactivation of butyl radicals and chemical diffusion of lithium into the crystals. Intercalation kinetics can be strongly enhanced by corrosion of crystals opening fast pathways into the crystal interior. The processes are well documented for chalcogenide single crystals but are expected to occur also on micro and nano crystals.
